INTRODUCTION
============

Developmentally programmed DNA elimination has been documented in a variety of organisms ranging from bacteria to humans. In a few cases, such elimination events have been associated with the assembly of functional reading frames. In vertebrates, for instance, the large repertoire of immunoglobulin genes is generated by excision of noncoding intervening sequences, followed by imprecise closure of chromosomal excision sites ([@B1]). Ciliates exhibit the unique property of rearranging their whole genome at each sexual cycle ([@B2],[@B3]). This stems from the coexistence, in the cytoplasm of these unicellular organisms, of two different types of nuclei. The diploid micronucleus, transcriptionally silent during vegetative growth, undergoes meiosis at each sexual cycle and, following fertilization and karyogamy, transmits the germline genome to the zygotic nucleus of the next generation. In contrast, the highly polyploid (800--1000 n) somatic macronucleus, although responsible for all gene transcription in the cell, is destroyed during these processes and a new macronucleus differentiates from a mitotic product of the zygotic nucleus. Macronuclear development is characterized by extensive DNA amplification. Most notably, genome-wide and programmed DNA rearrangements take place in the developing macronucleus to yield the mature somatic genome. In *Paramecium tetraurelia*, two modes of DNA elimination have been reported ([@B4]). Imprecise elimination of sequences ranging up to several kilobases in length can lead either to internal deletions between variable boundaries or to chromosome fragmentation followed by addition of telomeric repeats to the heterogeneous new chromosome ends ([@B5]). Such eliminated sequences often contain repeated elements, such as transposons or minisatellites ([@B5]). Moreover, imprecise elimination of unique sequences can be induced experimentally and maintained through maternal inheritance in the following sexual generations ([@B6]). The second type of DNA rearrangement is the precise excision of single-copy, short (26--882 bp) noncoding sequences, also called IESs (internal eliminated sequences). Although only the rearranged version of the genome present in the macronucleus has been sequenced ([@B7]), analysis of a few known micronuclear loci indicates that IESs are extremely numerous (an estimated ∼60 000 per haploid genome), scattered throughout the genome---both in coding and noncoding regions---and probably interrupt most open reading frames in the micronucleus ([@B8]).

*Paramecium* IESs are A+T-rich and flanked by two TA dinucleotides, a single copy of which is retained at their excision site in the macronuclear genome. Their programmed excision takes place after 3--4 rounds of DNA replication have taken place in the developing macronucleus ([@B9]). Excision starts with a 4-bp staggered double-strand DNA cleavage centered on the conserved 5′-TA-3′ at each end ([@B10]). We proposed that precise closure of excision sites is achieved through highly controlled joining of broken chromosome ends, which involves pairing of the TA dinucleotides embedded within the 5′ overhangs generated by DNA breakage ([Figure 1](#F1){ref-type="fig"}). Limited end processing is thought to take place in this paired-end intermediate, with removal of the 5′ terminal residue and polymerization of one nucleotide to the 3′ recessive end prior to a final ligation step. The enzyme(s) involved in DNA cutting have not been identified and the way IES ends are targeted for cleavage still awaits further elucidation. Statistical analysis of the nucleotide sequence of ∼80 IESs led to an 8-bp degenerate consensus sequence 5′-[TA]{.ul}(C/T)AG(C/T)N(A/G)-3′, which includes the flanking TA dinucleotide and defines loosely conserved terminal inverted repeats at IES ends ([@B8],[@B11]). Genetic studies indicated that base substitutions in the TA or at the fifth internal position of the consensus can abolish excision ([@B12; @B13; @B14; @B15; @B16]). However, the nucleotide sequence may not be the sole determinant for IES elimination, since several lines of evidence have pointed to epigenetic maternal control of this process in *Paramecium* ([@B17],[@B18]). This was documented for a subset of IESs, the excision of which is inhibited in the new macronucleus by the presence of homologous nonexcised copies in the old macronucleus. Maternal control can eventually lead to the emergence of stable macronuclear variant cell lines, in which a given IES is not excised, although its nucleotide sequence is fully wild-type and while all other IESs are excised normally. Maternally controlled IESs may represent up to one-third of all IESs but the specific features that distinguish them from other *Paramecium* IESs are still unclear ([@B18]). Figure 1.Model for the precise repair of IES excision sites in *Paramecium*. IES excision involves the introduction of 4-base staggered double-strand breaks, one at each IES end ([@B10]). IES sequences are represented by white boxes and flanking DNA is shown in black. 5′ terminal nucleotides are drawn as circles, recessive 3′ ends as arrowheads. Broken chromosome ends are thought to align within a junction repair intermediate through the pairing of their central TA dinucleotides (Step 1). Macronuclear junction assembly results from processing of the 5′ flapped nucleotides (Step 2), fill-in of the 3′ recessed ends (dotted lines in Step 3) and ligation.

In this study, we focused on the hypothesis that an additional feature, such as DNA conformation, may participate in IES recognition. To investigate whether both ends of an IES interact early during excision, we examined whether they are cut in a concerted manner. For this purpose, we followed IES end cleavage during macronuclear development in three available mutant strains, each of which carries a point mutation within the TA dinucleotide at one end of a particular IES: 51A1835 (28 bp) in strain AIM-5 ([@B15]), 51A6649 (370 bp) in AIM-2 ([@B14]) and sm19-576 (66 bp) in d4-2 *sm19-1* ([@B16]). Previous work done by others had established that each mutant IES is retained in the macronucleus. Here, using ligation-mediated PCR (LMPCR), we show that these mutations do not only inhibit DNA cleavage at the mutant end, but also severely impair that of the wild-type end. This study leads us to speculate on the relative contributions of nucleotide sequence, DNA structure and maternal control to the precise targeting of IES end cleavage.

MATERIALS AND METHODS
=====================

*Paramecium tetraurelia* strains and growth conditions
------------------------------------------------------

*Paramecium tetraurelia* stock 51 new was described in ([@B10]) and carries the wild-type *A^51^* surface antigen gene. Stock d4-2 is largely isogenic but carries the *A^29^* allele. A derivative of d4-2 harboring the *sm19-1* mutation ([@B16]) was kindly provided by F. Ruiz. An IES^+^ macronuclear variant of 51 new was obtained as described in ([@B17]), after transformation of the vegetative macronucleus with plasmid p851 and selection of postautogamous cells, in which IES 51G4404 was retained in all macronuclear copies of the surface antigen *G^51^* gene. Homozygous strains AIM-2 and AIM-5 were obtained from a cross between 51 new and 51 stocks carrying the *AIM-2* ([@B14]) or *AIM-5* ([@B15]) mutations in *A^51^*, respectively. Macronuclear variants with a deletion of the *A* gene were obtained as described in ([@B6]). Approximately 5 pl of a 5 mg/ml solution of linearized plasmid p29A-SX carrying the *A^29^* gene on a SalI--XhoI fragment were injected into the vegetative macronucleus of 51 new or AIM-2 cells. The same procedure was applied to strain AIM-5 with plasmid p51A-SB carrying the *A^51^* gene on a SalI--BbsI fragment. Following autogamy of injected cells, deletion of the *A* gene from the zygotic macronucleus was checked by PCR amplification of the region encompassing different IESs ([Supplementary Figures S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1)). This led to stocks 51Δ*A*, AIM-2Δ*A* and AIM-5Δ*A*, in which the macronuclear deletion is maintained by maternal inheritance through autogamy.

For time-course analyses, a ∼3.6-l culture of each strain was grown at 27°C ([@B9]) and autogamy of starved cells was monitored by DAPI staining. The T~0~ time-point was arbitrarily chosen as the time when the percentage of cells with fragmented maternal macronucleus reached ∼50%. More details about the cytological states of the cultures at each time-point can be found in [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1). For molecular studies, total genomic DNA was extracted from 200 to 400 ml aliquots of the cultures as described in ref. ([@B10]).

PCR and detection of broken DNA ends
------------------------------------

All enzymes were purchased from New England Biolabs, Massachussetts, USA, except for *Taq* DNA polymerase Sequencing Grade (Promega, Wisconsin, USA) and DyNAzyme II DNA polymerase (Finnzymes, Finland). For specific applications, the Expand Long Template PCR System (Roche, Switzerland) was used following the supplier\'s recommendations, with buffer 2 and final concentrations of 750 µM dATP, 750 µM dTTP, 250 µM dGTP and 250 µM dCTP.

Oligonucleotides were purchased from MWG Biotech, Germany, Genaxis, France or Sigma--Aldrich, France. *Paramecium* specific primers are listed in [Supplementary Table 1](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1).

Poly(dG)-tailing of free 3′OH ends was as described in ref. ([@B10]). So was LMPCR detection of double-strand breaks, except that oligonucleotide 5′-GAATTCGGATCCGCTCGGACCGTGGC-3′ (PCRhaut) was used in combination with a *Paramecium* specific primer for the amplification of ligation products. This modification was found to reduce nonspecific background.

Sequencing templates were amplified from agarose gel slices or, for some primer extension products, from dried sequencing gels ([@B10]). Samples and primers were sent to MWG Biotech AG for automated Value Read sequencing. For the generation of size ladders, DNA sequencing reactions were performed manually using the fmol DNA Cycle Sequencing System (Promega) and ^33^P-labeled primers.

RESULTS
=======

Detection of single-end cleaved molecules for wild-type IESs
------------------------------------------------------------

We concentrated on IESs 51A1835 and 51A6649 located in surface antigen *A^51^* gene ([Figure 2](#F2){ref-type="fig"}) to examine whether wild-type IESs could be cleaved at one end only during macronuclear development, while remaining attached to flanking chromosomal DNA at their opposite end. For this purpose, we slightly modified our original LMPCR procedure for the detection of transient DNA double-strand breaks at IES ends (10 and [Figure 3](#F3){ref-type="fig"}A). Specific LMPCR products could be detected in *P. tetraurelia* cells undergoing a self-fertilization process called autogamy ([Figure 3](#F3){ref-type="fig"}B), with exactly the same time course as the chromosomal double-strand breaks generated at each excision site (see 51 new in [Figure 6](#F6){ref-type="fig"}). The structure of these molecules was confirmed by DNA sequencing of the bands cut from the gels and amplified by PCR. Only one sequence was recovered from each band, which corresponded to a single-end cleaved product carrying a full-size 4-base 5′-overhang (not shown). Thus, in contrast to the double-strand breaks generated at chromosomal excision sites and at the ends of excised IESs, for which both 4-base and 3-base 5′ overhangs are observed ([@B10]), single end-cleaved molecules do not exhibit 5′-end processing. Although the exact nature of these products is unclear (they could be excision intermediates on their way to second end cleavage or abortive excision products), our data indicate that the two ends of an IES may not be cut simultaneously. This does not necessarily imply, however, that each end is recognized and cleaved independently from the other. Furthermore, our experiments do not reveal any substantial difference in the relative cleavage order of the two ends. Figure 2.Schematic map of *P. tetraurelia* gene *A^51^*. IESs 51A1835 and 51A6649 (white rectangles) are displayed on top (not to scale), with the hatched box representing a 29-bp internal IES embedded within IES 51A6649. The position of each point mutation is marked by an asterisk and the name of the corresponding mutant strain is indicated between brackets. The position of IES 51A2591, used as a wild-type control in this work, is also indicated. Figure 3.Detection of single-end cleaved IES molecules during macronuclear development. (**A**) Experimental strategy. A standard LMPCR linker (black boxes with 5′-nTAn overhang) is ligated to the complementary broken end of an IES (white boxes with 5′-oTAo overhang). Ligation products corresponding to single-end cleaved molecules are selectively amplified with linker-specific primer PCRhaut (shown at the bottom) and a second primer (arrow on top) hybridizing within the macronuclear-destined sequences (black lines) that flank the opposite IES boundary. Primer extension is performed with a nested specific primer (marked with an asterisk). (**B**) LMPCR detection of single-end cleaved molecules for IESs 51A6649 and 51A1835 during autogamy of strain 51 new. The molecules detected in each assay are drawn on the left of each panel, with IESs represented by white boxes and their flanking DNA by black lines. For clarity, the linkers used in the first ligation step are not represented: I′/(GTAG)J′ was used for both ends of IES 51A6649, and I′/(ATAT)J′ and I′/(ATAA)J′ were used for the detection of molecules cleaved at the right or left end of IES 51A1835, respectively. Oligonucleotides used for PCR and primer extension are indicated by arrows. Bottom panel: detection of broken chromosome ends at the left boundary of control IES 51G4404 with linker I′/(GTAT)J′.

Maternal control of IES end cleavage
------------------------------------

The observation that IESs can be cleaved at one end only justifies our strategy to examine whether the wild-type end of an IES can be cleaved in the presence of a point mutation at the other end. Formally, as an additional difficulty to our study, inhibition of IES excision during macronuclear development in mutant cell lines could be due to the superimposition of two factors: *cis*-effect of the mutated TA and maternal control due to the presence of homologous IES copies in the old macronucleus. The effect of maternal control on the excision reaction has not been described at the molecular level, although it was clearly shown to be independent of the presence of any point mutation in the IES ([@B17],[@B18]). Inhibition could act early, during recognition and cleavage of IES ends, or later, during closure of the excision site, to restore the germline sequence in the new macronucleus. We tested the hypothesis that maternal control interferes with the earliest steps of the reaction (e.g. recognition or cleavage).

To compare DNA cleavage patterns in a wild-type (IES^−^) cell line and an IES^+^ macronuclear variant, we chose to study IES 51G4404 from the surface antigen *G^51^* gene because of its high sensitivity to maternal control, which allows the establishment of a stable IES^+^ cell line ([@B17]). During macronuclear development in the IES^+^ variant, far fewer double-strand breaks were detected by LMPCR at 51G4404 left end than in the IES^−^ cell line ([Figure 4](#F4){ref-type="fig"}A), while similar levels of DNA cutting were observed in both lines at the left end of a control IES from surface antigen *A^51^* gene (bottom panels). In a sporadic manner, we could detect faint bands of higher molecular weights in the IES^+^ cell line, the sequencing of one of which ('alt') suggested that ligation of the linker had occurred at an alternative position, 18-bp upstream of the left end ([Figure 4](#F4){ref-type="fig"}B). At the right end of IES 51G4404, no cleavage at all was detected in the IES^+^ cell line (data not shown). These results indicate that the presence of a maternally controlled IES in the parental macronucleus strongly impinges on the efficiency, and perhaps also on the accuracy, of DNA cleavage at the ends of the homologous IES in the new macronucleus, even in the absence of any mutation in its nucleotide sequence. Figure 4.Maternal control of IES end cleavage in an IES^+^ cell line. (**A**) LMPCR detection of DNA double-strand breaks at the left boundary of IES 51G4404 during autogamy of a wild-type IES^−^ cell line (left) and its IES^+^ macronuclear variant (right). Top panels: broken chromosome ends revealed following ligation of linker I′/(GTAT)J′. Middle panels: broken IES ends analyzed with linker I′/(ATAC)J′. Flanking chromosomal sequences are drawn as thin lines, IES sequences as white rectangles and each linker is shown in black. Oligonucleotides are represented by arrows. Bottom panels: broken chromosome ends at the left boundary of control IES 51A2591 analyzed with linker I′/(GTAT)J′. (**B**) Sequence analysis of band 'alt' identified at the left end of IES 51G4404. Bold letters represent the sequence ligated to the linker in the wild-type LMPCR product ('left'), additional nucleotides found in the 'alt' product are in uppercase and upstream flanking sequences in lower case. The positions of the deduced double-strand breaks are shown.

A point mutation within a flanking TA impairs DNA cleavage at the mutant end
----------------------------------------------------------------------------

Coming back to our initial question, and because IES 51A6649 excision is maternally controlled ([@B18]), we removed mutant IES 51A6649 from the macronucleus of stock AIM-2 by injecting high-copy numbers of an *A* transgene into the macronucleus of vegetative cells, as described previously ([@B6]). Following autogamy of injected cells, we recovered a deletion of the entire *A* gene in the zygotic macronucleus, while the mutant allele was still present in the micronucleus. The induced macronuclear deletion was inherited through autogamy, leading to variant cell line AIM-2Δ*A* (see Materials and methods section). A 51Δ*A* cell line was derived from wild-type stock 51 new using the same procedure. We then examined the effect of a TA to TG mutation on the cleavage of IES 51A6649 mutant left end in these four strains, using wild-type IES 51A2591 as a positive control of excision in the macronuclear variants. As shown in [Figure 5](#F5){ref-type="fig"}A (bottom), no significant difference was observed for the control IES between the LMPCR patterns obtained in strains 51 new or AIM-2 and in their respective variants deleted for the *A* gene in their macronucleus. This indicates that the lack of a pre-existing rearranged version of the *A* gene in the parental macronucleus does not prevent double-strand cleavages from being targeted precisely at the ends of a wild-type IES during development of a new macronucleus. In cell lines deleted for the macronuclear *A* gene, we could even detect the precise closure of IES excision junctions at the rearranged locus prior to maternally inherited complete elimination of the *A* gene ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1)). Figure 5.Effect of a germline mutation at the left end of IES 51A6649 on the cleavage of the mutant end. (**A**) LMPCR detection of broken chromosome ends in strains 51 new, AIM-2, 51Δ*A* and AIM-2Δ*A*, using linkers I′/(CTAC)J′ (wt: top panels) or I′/(CTGC)J′ (mutant: middle panels). The structure of the *A* locus in the maternal macronucleus of each strain is shown on top of the figure, with IES 51A6649 drawn as a white box and its mutant end marked with an asterisk. Bottom panels: broken chromosome ends at the left end of control IES 51A2591 analyzed as in [Figure 3](#F3){ref-type="fig"}. Autogamy time-points are indicated on top of the figure. (**B**) *En masse* sequencing of the re-amplified LMPCR products obtained following ligation of mutant linker I′/(CTAC)J′ to the T17 and T26 genomic DNA samples from 51Δ*A* and AIM-2Δ*A*, respectively. Oligonucleotide 51A6649-11([@B2]) was used as a sequencing primer. (**C**) Terminal transferase-mediated poly(dG) tailing of the free 3′ hydroxyl ends on the macronucleus-destined side of IES 51A6649 left boundary, during autogamy of strains 51 new, AIM-2 and AIM-2Δ*A*. As a control, the T20 sample from 51 new was loaded next to the AIM-2 samples. Oligonucleotides used for PCR and primer extension are indicated by arrows. Figure 6.Inhibition of DNA double-strand cleavage at the wild-type end of mutant IESs. Linkers I′/(CTAC)J′ and I′/(TTAT)J′ were used for LMPCR analysis of IES 51A6649 right end (top) and IES 51A1835 left end (bottom), respectively. Strain names and autogamy time-points are indicated on top of each panel, together with the oligonucleotides used for PCR and primer extension (asterisk). Broken chromosome ends at the left end of control IES 51A2591 were detected as described in [Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}.

In a first set of experiments, we used double-stranded LMPCR linkers with 5′-overhangs complementary to IES 51A6649 wild-type left end. As expected, similar amounts of double-strand breaks accumulate transiently in wild-type stocks 51 new and 51Δ*A* ([Figure 5](#F5){ref-type="fig"}A top), with the same timing as for control IES 51A2591. In contrast, no specific LMPCR band was detected at IES 51A6649 mutant end in strains AIM-2 or AIM-2Δ*A*. In a second step, taking into consideration that a linker with a wild-type 5′-C[TA]{.ul}C overhang would hybridize less efficiently to an IES mutant end, we repeated the experiment with an LMPCR linker carrying a 5′-C[TG]{.ul}C extension fully complementary to the putative mutant broken end ([Figure 5](#F5){ref-type="fig"}A, middle). Use of the mutant linker still revealed developmental double-strand breaks at the left end of wild-type IES 51A6649 in strains 51 new and 51Δ*A*. For the mutant IES, while no specific LMPCR band was apparent in strain AIM-2, double-strand breaks were detected at the mutant end in the AIM-2Δ*A* variant, albeit with an ∼5 h delay relative to control IES 51A2591 ([Figure 5](#F5){ref-type="fig"}A, middle and bottom right). LMPCR products obtained in strains 51Δ*A* and AIM-2Δ*A* were cut from the gels and PCR amplified prior to DNA sequencing. A double sequence indicative of efficient 5′-end processing of the broken end was recovered from the 51Δ*A* sample ([Figure 5](#F5){ref-type="fig"}B, left). In contrast, although DNA cleavage at the broken left end of mutant IES 51A6649 in strain AIM-2Δ*A* had occurred at the same position as for the wild-type end, no evidence for processing was obtained ([Figure 5](#F5){ref-type="fig"}B, right).

As no LMPCR primer is appropriate to compare directly the efficiency of DNA cleavage at IES 51A6649 mutant and wild-type left ends, we followed the formation of free 3′-hydroxyl DNA ends at the left boundary of IES 51A6649 by terminal transferase-mediated poly(dG) tailing ([@B10]), an approach which should be biased in favor of neither the mutant nor the wild-type end. Specific free 3′ ends accumulated transiently during autogamy in stock 51 new ([Figure 5](#F5){ref-type="fig"}C, left), with the same time course as the double-strand breaks detected by LMPCR ([Figure 5](#F5){ref-type="fig"}A, top left). In contrast, little or no signal was observed in mutant strains AIM-2 or AIM-2Δ*A* ([Figure 5](#F5){ref-type="fig"}C, middle and right). Thus, although delayed double-strand cleavage at the mutant end of IES 51A6649 can be detected in a sensitive LMPCR assay, the TA to TG mutation severely impinges on cleavage efficiency. As judged by the failure to detect any LMPCR product in strain AIM-2, the presence of the mutant IES in the maternal macronucleus strengthens the inhibitory effect of the point mutation. For IES 51A1835, the excision of which is not submitted to maternal control, cleavage of the mutant end was abolished in strain AIM-5 to the same extent as in its macronuclear variant AIM-5Δ*A* ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1)). These observations confirm the essential role of the conserved TA dinucleotide on the efficiency of DNA cleavage at IES ends.

A point mutation at one IES end inhibits cleavage at the wild-type end
----------------------------------------------------------------------

We then examined whether a mutation at one IES end could interfere at a distance with the cleavage of the other (wild-type) end of the same IES. Here again, strains AIM-5 and AIM-2 and their variants deleted from the *A^51^* gene in their macronucleus were used in parallel for the study of IESs 51A1835 and 51A6649, respectively. No specific cleavage of the right (wild-type) end of IES 51A6649 could be detected in mutant strain AIM-2, while some cutting was revealed during macronuclear development in the AIM-2Δ*A* variant ([Figure 6](#F6){ref-type="fig"}). In these experiments, no hybridization bias of the LMPCR linker is expected at the right end of the mutant or the wild-type IES, because the *AIM-2* mutation lies within the left end. We can therefore conclude that specific cleavage of the right, wild-type, end of IES 51A6649 is reduced in strain AIM-2Δ*A* and completely abolished in strain AIM-2. Furthermore, the same 5 h delay relative to control IES 51A2591 is observed in the timing of residual double-strand cleavage at both ends of the mutant IES in strain AIM-2Δ*A* ([Figures 5](#F5){ref-type="fig"}A and [6](#F6){ref-type="fig"}). DNA sequencing of LMPCR products indicates that no 5′ end processing takes place following cleavage of either end of mutant IES 51A6649 ([Figure 5](#F5){ref-type="fig"}B and data not shown).

For nonmaternally controlled IES 51A1835, cleavage of the wild-type left end is completely abolished by the *AIM-5* mutation at the right end, no matter the presence or absence of the mutant IES in the macronucleus of the previous sexual generation (compare AIM-5 and *AIM-5ΔA* in [Figure 6](#F6){ref-type="fig"}). Similar experiments were carried out for IES sm19-576 in mutant strain d4-2 *sm19-1* ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1)): a TA to CA mutation at the right end was found to interfere with the cleavage of both the mutant and the wild-type ends. Taken together, our data support the idea that the two ends of each mutant IES interact at an early stage during the excision reaction. Such an interaction may take place in *cis*, with the two IES ends located on the same molecule, or in *trans*, between homologous IES copies carried by distinct chromosomes (e.g. sister chromatids or homologs). To address this question, we used PCR to monitor the excision pattern of IES sm19-576 in heterozygous cells harboring the wild-type and *sm19-1* mutant alleles in their germline genome ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkn154/DC1)). Similar amounts of IES^+^ and IES^−^ macronuclear chromosomes were observed, which indicate that wild-type IES copies are excised normally in the presence of mutant IES copies on homologous chromosomes.

DISCUSSION
==========

Crosstalk between IES ends
--------------------------

For the three IESs examined in this study, a germline mutation within one of their flanking TAs results in a severe decrease in the level of detectable double-strand breaks, not only at their mutant end but also at their wild-type end. This could be attributed either to inhibition of DNA cleavage at both ends of the mutant IESs or to normal cleavage followed by more efficient resealing of the double-strand break, which would reduce the transient amount of free broken IES ends. We do not favor the latter hypothesis because, in contrast to a wild-type IES, unrepaired broken ends of the mutant IESs do not accumulate in cells deficient for double-strand break repair at IES excision sites (A. Kapusta, S.M., M.B., unpublished data). Because both ends must be wild-type to be cleaved efficiently, a strong implication of our data is, therefore, that a crosstalk between the two boundaries of an IES is established before DNA cleavage.

No *trans*-inhibitory effect was observed between IES copies carried on homologous chromosomes. Thus, even though we cannot rule out that crosstalk takes place between newly replicated sister chromosomes \[an estimated 16--32 copies of each chromosome are present in the developing macronucleus by the time IES excision starts ([@B9])\], we propose that this interaction takes place in *cis*, during assembly of a precleavage complex in which the two ends of an IES would be brought together. Such a conformation could facilitate IES recognition by the DNA cutting machinery or stimulate its catalytic activity once it is bound to DNA. This would be reminiscent of site-specific recombination or DNA transposition systems ([@B19]), in which assembly of a synaptic complex including a recombination protein and its cognate substrate DNA sites is a prerequisite to DNA cleavage. Formation of a double-stranded DNA loop could allow the two ends of a given IES to come together prior to initial cleavage ([Figure 7](#F7){ref-type="fig"}A). The observation that covalently closed circular IES molecules accumulate transiently during macronuclear development supports the notion that some IESs may accommodate significant curvature of their DNA double helix ([@B9]). Strikingly, however, \>50% of known IESs are shorter than 80 bp and the ability of such short DNA fragments to circularize, even in the presence of DNA bending proteins, has been the subject of recent controversy ([@B20],[@B21]). Circular excised molecules could not be detected for short IESs ([@B8]) and we proposed that the primary products of excision are linear molecules, which, if flexible enough, could be converted to circles in a subsequent end-joining step. The sequences studied here are representative of *Paramecium* IES size range (28, 66 and 370 bp) and similar observations were made for all three. Thus, assuming that the same geometry shapes the assembly of the excision initiation complex for all IESs, we speculate that crosstalk between ends is perhaps not mediated by looping out of double-stranded DNA but by local melting of the two DNA strands ([Figure 7](#F7){ref-type="fig"}B). Strand separation may be favored by the A+T richness of IES DNA and by ongoing replication or transcription, both of which were revealed by pulse-chase labeling of the developing macronucleus ([@B22]). Single-stranded DNA was recently shown to be the substrate for DNA cleavage in other site-specific recombination systems ([@B23; @B24; @B25; @B26]). For *Paramecium* IESs, the formation of secondary structures on either strand, e.g. through the pairing of terminal inverted repeats at IES ends, could further stabilize extruded DNA bubbles or hairpin-loops and provide appropriate substrates to the excision machinery. Figure 7.Possible models for crosstalk between IES ends. (**A**) Formation of a double-stranded DNA loop. (**B**) Opening of the DNA double helix. IES strands are drawn as thick white lines, flanking DNA is represented by thin black lines.

Precise targeting of DNA cleavage at IES ends: a combination of sequence and epigenetic determinants
----------------------------------------------------------------------------------------------------

Our data point to a role of *cis* determinants (nucleotide sequence or secondary structure) in the targeting of DNA cleavages to *Paramecium* IES ends during developmental excision of these elements. The comparison of two IESs from the *A^51^* surface antigen gene suggests that differences may exist between maternally controlled IESs and those whose excision is insensitive to the presence of homologous copies in the maternal macronucleus. IES 51A1835 belongs to the latter category ([@B18]) and a point mutation within its left TA is sufficient to abolish cleavage at both ends. Thus, the nucleotide sequence of its ends appears to be the key determinant for DNA cleavage. In contrast, DNA cutting at both ends of maternally controlled IES 51A6649 is strongly reduced by the *AIM-2* mutation but not completely knocked out, as judged by detection of correctly positioned residual cleavage at both ends in the variant mutant strain AIM-2Δ*A*. Complete inhibition was observed only in strain AIM-2, which harbors the mutant IES in its macronucleus. These results indicate that, for IES 51A6649, another factor than simply the nucleotide sequence contributes to the determination of DNA cleavage sites. Consistent with an interaction between ends, we observed that residual cleavage at both ends of mutant IES 51A6649 is delayed to the same extent relative to a control wild-type IES in strain AIM-2Δ*A*. Interestingly, these residual double-strand breaks do not undergo 5′ processing: with regards to our current model for IES excision in *Paramecium* ([@B10]), this suggests that the absence of a central TA dinucleotide on the 5′ overhang generated at the mutant broken chromosome end may prevent correct alignment of the two chromosome arms at the excision site and, consequently, inhibit their controlled processing and repair. Residual double-strand breaks, therefore, would not lead to productive excision of the mutant IES.

Epigenetic programming of genome rearrangements has been documented in various ciliates ([@B27]). Current models involve homology-dependent *trans*-nuclear comparison of the maternal germline and somatic genomes mediated by noncoding RNAs ([@B27],[@B28]). Short RNA molecules (scnRNAs), produced during meiosis from the micronuclear genome by an RNAi-related pathway, play an essential role in the search for germline-specific sequences that are absent from the maternal macronucleus ([@B29; @B30; @B31]). Germline scnRNAs selected by this scanning process are thought to be exported to the developing new macronucleus to participate in depositing an epigenetic mark on chromatin ([@B32; @B33; @B34]). This would trigger the elimination of homologous sequences from the new macronuclear genome. Long noncoding transcripts produced from the maternal macronucleus were also reported to participate in the regulation of genome rearrangements, but different roles have been proposed for these molecules (35 and G.L., M.B., E.M. and S.D., Genes and Development, in press). While they are thought to guide gene unscrambling in the developing macronucleus of *Oxytricha*, the fact that IESs are correctly excised from the *A* gene in the absence of a prerearranged version of the locus in the old macronucleus suggests that maternal transcripts may act differently in *Paramecium*. Rather, we have proposed that they are used as hybridization targets for the scnRNAs during the scanning for germline-specific sequences. Maternal control was reported for a subset of IESs ([@B17],[@B18]), the excision of which depends on the NOWA1p RNA-binding protein, which may transport scnRNAs from the maternal to the new macronucleus ([@B36]). Intriguingly, the other IESs are excised efficiently from the new macronucleus, independently of the presence or absence of homologous sequences in the maternal somatic genome. Moreover, we show here that IESs are correctly excised even if they are embedded within a larger, imprecisely eliminated germline region. In the context of the scanning model, this suggests that some additional feature participates in the precise targeting of double-strand breaks at IES ends. The present evidence for crosstalk between ends prior to DNA cleavage suggests that DNA conformation may be a *cis*-acting determinant for excision. ScnRNAs might assist the excision of maternally controlled IESs by guiding the folding of separated DNA strands in order to bring IES ends close together, while they would not be necessary for the other IESs to adopt an excision-prone conformation.
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